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Abstract
In this report, we demonstrate that chronic prenatal exposure to a moderate dose of caffeine disrupts
novel object recognition and radial arm maze behaviors in adult male and female rats. Pregnant dams
were administered either tap water or 75 mg/L caffeinated tap water throughout gestation. Oral self-
administration in the drinking water led to an approximate maternal intake of 10 mg/kg/day,
equivalent to 2–3 cups of coffee/day in humans based on a metabolic body weight conversion. In
adulthood, the offspring underwent testing on novel object recognition, radial arm maze, and Morris
water maze tasks. Prenatal caffeine exposure was found to impair 24-hour memory retention in the
novel object recognition task and impair both working and reference memory in the radial arm maze.
However, prenatal caffeine exposure did not alter Morris water maze performance in either a simple
water maze procedure or in an advanced water maze procedure that included reversal and working
memory paradigms. These findings demonstrate that chronic oral intake of caffeine throughout
gestation can alter adult cognitive behaviors in rats.
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1. Introduction
Caffeine, a methylxanthine, is one of the most widely consumed psychoactive drugs in the
world due to its presence in coffee, tea, chocolate, soft drinks and numerous medications
[17]. Caffeine is rapidly absorbed throughout the body and brain. At moderate doses, caffeine
exerts its stimulatory effects on behavior directly via blockade of adenosine receptors. Of the
four characterized adenosine receptors (A1, A2A, A2B, and A3), caffeine has its primary actions
at the A1 and A2A receptors [16]. A1 receptors are the most abundant of the adenosine receptors
and are highly expressed throughout the cerebral cortex, hippocampus, and cerebellum [10,
13,24,37,47]. In the developing rat brain, the A1 receptor is one of the earliest receptors
expressed [36] with mRNA detectable by gestational day 14 and adult patterns of distribution
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established by gestational day 20 [46]. A2A receptors are restricted in expression to
dopaminergic regions of the brain [38], with mRNA expression detectable in the striatum by
gestational day 14 in rats [47]. Developmentally, adenosine plays a key role in the inhibition
of neuronal activity [15], formation of axons [43], and neuroprotection [36]. Gestational
exposure to caffeine may inhibit the actions of adenosine within the fetal brain, thereby altering
normal brain development.

Maternal consumption of caffeine during pregnancy is of concern due to the extended half-life
of the drug in the fetus. Caffeine rapidly crosses both the placental and blood-brain barriers to
reach the fetal brain [6,23,41]. In the fetus, the metabolism and elimination of caffeine are
slowed due to a lack of cytochrome P-450 activity, resulting in a prolonged half-life [4]. The
half-life of caffeine is estimated to be 50–100 hours at the end of gestation, which may lead to
accumulation of caffeine in the fetal brain [5,6,34]. In the fetus, the half-life of caffeine is
further protracted due to slowed maternal metabolism of caffeine during pregnancy. During
the last trimester of pregnancy, the half-life of caffeine is estimated to be 10–15 hours in the
expectant mother [3,8,26]. Thus, the altered half-life of caffeine in the fetus and expectant
mother may greatly prolong the actions of caffeine within the fetal brain.

Perinatal exposure to caffeine causes persistent alterations in brain development. In the
neonatal rat brain, concentrations of protein and cholesterol are decreased following low dose
(1 or 2 mg/100 g body weight) caffeine exposure [30]. Caffeine injections (50 mg/kg/day) on
postnatal days 1–12 cause an enduring increase in the dendritic length of pyramidal neurons
within the rat prefrontal cortex [25]. In juvenile rats, caffeine exposure throughout gestation
and lactation diminishes the stimulatory locomotor response to MK-801, an NMDA receptor
antagonist, suggesting a persistent change in NMDA receptor function [9]. Thus,
developmental exposure to caffeine may cause long-term alterations in the brain.

Perinatal exposure to caffeine also alters juvenile and adult locomotor behavior and emotional
reactivity. Numerous studies have shown decreased levels of activity in both juvenile and adult
rat offspring following developmental caffeine exposure [21,50]. Caffeine treated offspring
exhibit heightened emotional reactivity such that male offspring have increased defecation and
decreased exploration in the open field and longer latencies to emerge from a light-dark box
[21,22]. However, increased activity and reduced anxiety following postnatal caffeine
exposure has also been shown. Juvenile rats show increased pain sensitivity and reduced
anxiety following caffeine exposure (15–20 mg/kg/day) across postnatal days 2–6 [33].
Further, juvenile rats exhibit hyperactivity, which persists into adulthood in an open field task
after exposure to caffeine (20 mg/kg/day) across postnatal days 7–11 [42].

The long-term behavioral effects of chronic prenatal exposure to caffeine on measures of
learning and memory have not been well investigated. Rat pups exposed to 1 or 9 mg/kg
caffeine during the first week of life exhibit hypoactivity at two weeks of age and impairment
in a spatial operant learning task during adulthood [50]. Following neonatal exposure, passive
avoidance learning is significantly impaired in male and female juvenile rats [33]. In adult
animals, neonatal caffeine (15–20 mg/kg/day on PN2–6) treated female rats have significantly
improved retention of passive avoidance learning at 24 and 72 hours after training, while male
rats have significantly reduced retention [14]. Thus, prenatal caffeine exposure may alter adult
behavior in a sexually dimorphic fashion, although these sex differences may be undetectable
in pre- or peri-pubertal animals. Importantly, sex differences in response to perinatal caffeine
exposure may help determine whether males or females are more susceptible to caffeine
induced developmental effects.

The aim of the present study was to document the effect of chronic prenatal exposure to caffeine
on cognitive behavior in adult male and female rats. The study investigated whether daily oral
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administration of caffeine (approximately 10mg/kg) to pregnant rat dams could alter long-term
learning and memory in offspring. Specifically, prenatal caffeine-treated and control offspring
underwent testing in adulthood in three well-established learning and memory paradigms,
including the novel object recognition task, radial arm maze, and Morris water maze.

2. Materials and Methods
2.1 Prenatal caffeine treatment

Female Sprague-Dawley rats 60–70 days of age were mated within our colony at Michigan
State University. Males were housed with females for 4 days to ensure that one estrous cycle
was completed. Males were removed after 4 days and this day was counted as gestational day
4 to approximate the day of birth. From gestational day 4 until the day of birth, pregnant dams
were administered ad libitum tap water (n=4) or 75 mg/L caffeinated tap water (n#x02212;4)
with intake measured daily. Caffeine administration was started early in gestation to determine
the effects of chronic exposure since it has been shown previously that caffeine can accumulate
in the fetal brain [48]. The dose was chosen after calculating metabolic body weight (=body
weight3/4) [31]. Oral administration was used to maintain the human relevance of the study.

On postnatal day 2 (day of birth is postnatal day 0) the sex of each offspring was determined
and litters were culled to 4 males and 4 females. No observational differences in litter size, sex
ratio, or maternal nest building, retrieval, and nursing behavior were noted following birth.
Each litter contained approximately 12–14 pups and there was no difference in mean body
weights between control (6.57 ± 0.104 g) and caffeine-treated (6.75 ± 0.243 g) offspring. The
pups were weaned on postnatal day 25 (PN25) to 2–3 animals per cage such that animals of
the same litter and sex were housed together. Offspring were housed in a temperature and
humidity controlled environment with a 12 h light/dark cycle (lights off at 5 p.m.) through
adulthood. Ad libitum standard chow and tap water were available except during radial arm
maze training. The experiments were approved by the Michigan State University Institutional
Animal Use and Care Committee and followed NIH guidelines for animal use.

2.2 Behavioral tests
To minimize the stress associated with behavioral testing, animals were handled for two
minutes daily for two weeks prior to the start of testing. In the first set of behavior testing,
twenty-nine male and female offspring from four litters (control male, n=5; control female,
n=8; prenatal caffeine-treated male, n=8; and prenatal caffeine-treated female, n=8) underwent
three neurobehavioral tests chosen to measure hippocampal-dependent and -independent
learning and memory. Object recognition testing, radial arm maze, and Morris water maze
were assessed between PN 110–150, respectively. The testing order was chosen so that less
stressful behavior tasks were performed prior to more stressful tasks. The stress induced by
each task was previously determined by the defecation and grooming behavior of animals
during each task, with almost no defecation and grooming behaviors in the object recognition
test and very high levels of defecation and grooming in the Morris water maze. In the second
set of behavior tests, thirty-two male and female offspring from four litters (control male, n=8;
control female, n=8; prenatal caffeine-treated male, n=8; and prenatal caffeine-treated female,
n=8) underwent 10 consecutive days of testing in the advanced Morris water maze. Prior to
each behavior test, the animals were placed in the testing room 30 min before testing to allow
habituation to the environment. All testing was performed between noon and 4 p.m. During
each test, the experimenter remained outside the testing room except between trials. The
behavior room has numerous extra-maze cues such as shelving, counters, and signs. Testing
was always performed under dim illumination. Each test was recorded and tracked using Smart
tracking system (San Diego Instruments). Behavior was scored by at least two observers blind
to the treatment groups.
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2.2.1 Novel object recognition test—The novel object recognition task was used to assess
non-spatial memory. The testing arena was a 40 cm × 60 cm open area to which rats were
habituated for 10 min over two days prior to pre-training and training. During pre-training, the
animals were allowed to explore two identical objects (A, A) for 3 min. Memory retention
testing was performed at both 3 and 24 hrs after pre-training. To determine memory retention
at 3 hrs, animals were allowed to investigate a familiar object (A) and a novel object (B) for 3
min. Memory retention was again tested at 24 hrs following pre-training with the familiar object
(A) and a novel object (C). The objects used were small plastic toys of varying color and shape.
Objects were placed 12 cm from each wall and 18 cm from each other in the maze. Objects
were counterbalanced within the arena during each trial and rinsed with 70% alcohol between
trials. Time exploring each object was assessed, which included approaching within 2 cm of
the object with the face, sniffing, biting, and pawing the object. Sitting or standing on the object
was not counted as exploration. The training exploration time was calculated as exploration of
objects A1 + A2. The exploration time during the 3 and 24 hour retention tasks were calculated
as A + B and A + C respectively. The discrimination index was calculated as the (exploration
of novel object − exploration of familiar object) / (total exploration time). A discrimination
index above zero indicates the animal explored the novel object more than the familiar object
and retained a memory of the familiar object. The goal of this task is to determine the memory
retention of the previously explored object (A) after a 3 or 24 hour delay from pre-training,
which is assessed by exploration of the novel object. Therefore, in this task the delay between
pre-training and the memory retention task is a key variable. As the delay is increased, the
memory demands become more difficult.

2.2.2 Radial arm maze—The radial arm maze was used to assess hippocampal-dependent
working and reference memory. The radial arm maze is a spatial navigation memory task
involving primarily the hippocampus and prefrontal cortex [32]. Two weeks prior to behavior
testing, animals were individually housed and began food deprivation until 90% of their starting
body weight was reached. During this time, animals were handled, weighed, and habituated to
a cereal reward daily. The eight-arm maze consisted of a 25 cm diameter round center platform
from which 65 cm walled arms emerge. To reduce the stress of the novel environment, rats
were pre-trained to the radial arm maze for one session per day over 7 consecutive days. During
each pre-training session, a cereal reward was moved closer to the end of each arm to ensure
the rats learned to search the entire length of the arm for the reward. Each animal was allowed
10 min to consume the rewards in all 8 arms.

Radial arm maze training occurred over 10 consecutive days, one trial per day. During training,
food cups were placed at the end of each arm to ensure that the rats could not see the cereal
reward from the center platform. Four of the eight food cups were baited with a reward and
the sequence of baiting (arms 2, 3, 5, and 7) remained constant. Animals were placed onto the
center platform at the beginning of each trial and were allowed 10 min to retrieve all cereal
rewards. After eating all 4 cereal rewards or once 10 min had elapsed, animals were placed in
their home cage. Each day animals were given food pellets (gram amount equaled 12–16% of
their body weight) after the completion of the behavior session. The maze was cleaned with
ethanol between each trial. Upon completion of radial arm maze testing, standard chow was
again freely available to the rats. Memory acquisition was assessed as the decrease in the
number of errors between each trial. Reference memory errors were scored as entries into an
arm that was not baited such that animals would need to recall from previous days which arms
were not baited to avoid error. Working memory errors were scored as reentries into an arm
from which food had already been eaten such that animals would have to recall within a given
trial which arms they had already visited.

2.2.3 Standard Morris water maze—The standard Morris water maze [29] was used as a
measure of hippocampal-dependent spatial learning and memory. The maze was a 2 m
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diameter, 1 m tall circular pool in which the water was kept at 26 ± 1 °C. During pre-training,
animals underwent three consecutive trials from separate starting points. Animals were allowed
60 sec per trial to find the non-submerged platform. Between each of the three trials, animals
were allowed to sit upon the platform for 20 sec. If an animal did not find the platform within
the allowed time, an experimenter would guide the animal to the platform.

Morris water maze training began two days after pre-training. Animals underwent 12 non-
consecutive 60 sec trials starting at random from one of four cardinal directions. At the start
of each trial, animals were placed into the water facing the wall of the maze. The platform (8
inch diameter) was submerged beneath water made opaque with non-toxic white paint and
always remained in the same location within the maze. Animals were removed from the maze
after finding the platform or once the allowed time had elapsed and were dried and returned to
a holding cage. The inter-trial interval was approximately 30 min. Latency to find the platform
and path length were recorded using the Smart tracking system.

A probe test was done on the same day after the completion of the 12 trials. During the 30
second probe test, the platform was completely removed from the water. The number of times
the animals crossed the location where the platform was previously located was assessed.

2.2.4 Advanced Morris water maze—Three paradigms were tested in the Morris water
maze across nine consecutive days; Days 1–3 examined place learning, days 4–6 examined
reversal, and days 7–9 examined working memory. The water maze and recording software
used was the same as described previously.

For the place learning task, animals underwent 4 non-consecutive trials per day starting once
from each cardinal direction. At the start of each trial, animals were placed into the water facing
the wall of the maze. The platform was submerged beneath the opaque water and remained in
the same location all three days. Animals were given 60 s to find the hidden platform and if
unsuccessful were guided to the platform location by an experimenter. All animals were
allowed to rest for 20 s on the platform before being returned to their home cage. No pre-
training occurred prior to day 1 of testing. A 30 s probe test in which the platform was
completely removed from the water was performed on day 3 after the completion of the place
learning trials.

For the reversal task, animals underwent 4 non-consecutive trials per day starting once from
each cardinal direction and were again allowed 60 s per trial. However, the platform was located
opposite to its position during the place learning task. The platform remained in the new
location all three days.

During the working memory task, animals underwent 4 consecutive trials per day starting from
the same location. The platform was moved to a new location each day and the starting location
was also varied each day. The animals were allowed 60 s per trial to find the submerged
platform and then were allowed a 20 s rest on the platform before beginning the next trial.

2.3 Data analysis
Statistical assessment of weekly water intake was performed using a two-way repeated
measures analysis of variance (week, treatment). For assessment of the object recognition test,
two-way analysis of variance (sex, treatment) was performed on the pre-training, 3 hr memory,
and 24 hr memory trials. Radial arm maze and Morris water maze were assessed by two-way
repeated measures analysis of variance (sex, treatment). All analyses were performed using
the SYSTAT program (version 11.0).
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3. Results
3.1 Water intake

During the time of caffeine exposure, the average water intake in control and caffeine-treated
dams significantly increased each week (Fig 1; within-group analyses – F(2,12)=23.054,
p<0.001) and showed a significant week by treatment interaction [F(2,12)=6.885, p<0.01] with
caffeine-treated animals having greater intake than controls during week 3. However, there
was no significant main effect of treatment on water intake.

3.2 Novel object recognition test
Total exploration time—During pre-training, two-way analysis of variance revealed a
significant effect of treatment [F(1,25)=18.94, p<0.001] on the total amount of time spent
exploring the novel objects (Fig 2a). Caffeine-treated animals spent less total time exploring
the novel objects during pre-training. However, the total time spent exploring the novel and
familiar objects was not significantly different between treatments during the 3 hour and 24
hour recognition memory tests. At 3 hours, there was a significant effect of sex [F(1,25)=5.455,
p<0.05] on total exploration time, with females spending more time (54.1 ± 5.3 sec) exploring
than males (37.8 ± 3.8 sec) yet this effect was not seen at 24 hours.

Memory Retention Testing—At 3 hours following pre-training, there was no significant
effect of treatment, sex, or treatment by sex interaction on the novelty discrimination index
(Fig 2b). At 24 hours following pre-training, two-way analysis of variance showed a significant
effect of treatment [F(1,25)=7.652, p<0.02] but no significant effect of sex or treatment by sex
interaction on the discrimination index of novel object exploration (Fig 2b). These findings
indicate that at 24 hours following pre-training, the caffeine-treated animals do not distinguish
between the novel and familiar objects as well as control animals.

3.3 Radial arm maze
Pre-training—Across the 7 consecutive days of pre-training in the radial arm maze, a two-
way repeated measures ANOVA revealed no significant between-group effect of treatment,
sex, or treatment by sex interaction on the total time required to retrieve all food rewards.
However, there was a significant within-group effect of time [F(6,150)=49.879, P<0.001]
indicating that animals learned the task (Table 1).

Training—There was a significant between-group effect of treatment on the number of
working memory errors [F(1, 25)=4.357, P<0.05] across the five trial blocks (trials 1–2, 3–4,
5–6, 7–8, 9–10) of the radial arm maze. Working memory errors were assessed as the number
of reentries into arms already entered during the same trial. Caffeine-treated animals made
more errors than controls (Fig. 3a). A significant within-group difference by trial block was
observed [F(4,100)=2.988, p<0.03] indicating that animals learned the task across the five
blocks.

Between-group analyses also revealed a significant main effect of treatment on the number of
reference memory errors [F(1, 25)=6.503; P<0.02] with caffeine-treated animals making more
errors than controls (Fig. 3b). Reference memory errors were assessed as entries into an arm
that never contained a reward. A significant within-group difference was also found across the
5 trial blocks [F(4,100)=3.201, P<0.02] representing a decrease in reference memory errors in
both treatment groups as the task was acquired.

There was no significant between-group effect of treatment, sex, or treatment by sex interaction
on path length. Path length was measured as the total distance in cm covered across each of
the 5 trial blocks. There was a significant within-group effect of path length [F(4,100)=8.601,
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P<0.001] indicating that as the rats learned the task they decreased their traveling distance to
obtain the rewards (Table 1).

Across the 10 consecutive days of testing, there was no significant between-group effect of
treatment, sex, or treatment by sex in the total time required for animals to retrieve all 4 food
rewards. As in pre-training, there was a significant within-group effect of time [F(9,225)
=3.672, P<0.003] across the trial blocks indicating acquisition of the task (Table 1).

Two-way ANOVA revealed no significant effect of treatment or treatment by sex interaction
on body weights at the start of food deprivation and at the conclusion of food deprivation (Table
1). However, a significant effect of sex was observed for body weights prior to food deprivation
[F(1,25)=335.97, p<0.001] and at the conclusion of food deprivation [F(1,25)=374.42,
p<0.001]. Thus, both male and female rats began food deprivation at a healthy weight and lost
weight to the same extent during radial arm maze testing.

3.4 Standard Morris water maze
Pre-training—Two-way analysis of variance revealed no significant effect of treatment, sex,
or treatment by sex interaction on the pre-training component of the Morris water maze (Fig.
4a). This indicates that the animals did not exhibit motor or sensory deficits that would interfere
with the procedural learning of the task.

Training—Two-way repeated measures ANOVA revealed no significant effect of treatment,
sex, or treatment by sex interaction across the 3 trial blocks (trials 1–4, trials 5–8, trial 9–12;
Fig 4a) on water maze latency. There was a significant within-group difference across the three
trial blocks [F(2,50)=32.65, P<0.001] indicating that all animals were able to decrease their
latency to find the platform across the trial blocks. Additionally, no significant effect of
treatment, sex, or treatment by sex interaction was observed in the probe trial, indicating that
all animals were successfully able to spatially locate the region of the platform by the final
trial.

Between-group analyses revealed a significant main effect of treatment on path length [F(1,25)
=6.992; P<0.02] across the 3 trial blocks, with caffeine-treated animals swimming less distance
than controls (Fig 4b). Path length was measured as the total distance (cm) swam in each trial
averaged across the 3 trial blocks. A significant within-group difference was also found across
the 3 trial blocks [F(2,50)=37.372, P<0.001] along with a significant within-group block by
treatment effect [F(2,50)= 3.466, P<0.04] due to the increased path length of both groups in
the first trial block when compared to path length in the second and third trial blocks.

3.5 Advanced Morris Water Maze
Place Learning Task—Two-way repeated measures ANOVA revealed no significant effect
of treatment, sex, or treatment by sex interaction across the 3 days of place learning (Day 1:
trials 1–4, Day 2: trials 5–8, Day 3: trial 9–12; Fig 5a) on latency to find the platform. There
was a significant within-group difference across the three days [F(2,54)=88.05, P<0.001]
indicating that all animals were able to decrease their latency to find the platform as they learned
the task. Additionally, no significant effect of treatment, sex, or treatment by sex interaction
was observed in the probe trial conducted on Day 3, indicating that all animals were
successfully able to spatially locate the region of the platform by the final trial.

Between-group analyses revealed no significant difference of treatment, sex, or treatment by
sex interaction on place learning path length. Path length was measured as the total distance
(cm) swam averaged across the 4 trials swam each day. A significant within-group difference
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was also found across the 3 days [F(2,54)=62.54, P<0.001] indicating that the path length
decreased as animals learned to find the platform (Table 2).

Reversal Task—Two-way repeated measures ANOVA revealed no significant effect of
treatment, sex, or treatment by sex interaction across the 3 days of reversal testing (Day4: trials
1–4, Day 5: trials 5–8, Day6: trial 9–12; Fig 5b) on latency to find the hidden platform. There
was a significant within-group difference across the three days [F(2,54)=16.14, P<0.001]
indicating that all animals were able to decrease their latency to find the platform as they learned
the task. Additionally, there was a significant within-group day by treatment by sex.interaction
[F(2,54)=3.578, P<0.035].

Between-group analyses revealed no significant difference of treatment, sex, or treatment by
sex interaction on reversal path length. A significant within-group difference was also found
across the 3 days of reversal testing [F(2,54)=15.297, P<0.01] along with a significant within-
group day by treatment by sex effect [F(2,54)= 3.432, P<0.04] (Table 2).

Working Memory Task—Two-way repeated measures ANOVA revealed no significant
effect of treatment, sex, or treatment by sex interaction on latency to find the platform across
the 4 trials of each of the three days of repeated acquisition working memory testing. There
was a significant within-group difference across the four trials each day (Day 7: [F(3,81)=8.65,
P<0.001], Day 8: [F(3,81)=21.41, P<0.001], Day 9: [F(3,81)=13.694, P<0.001] indicating that
animals were able to find the platform more rapidly each day during the consecutive trials.

Two-way repeated measures ANOVA revealed no significant effect of treatment, sex, or
treatment by sex interaction on path length across the 4 trials of each of the three days of
repeated acquisition working memory testing. There was a significant within-group difference
across the four trials each day (Day 7: [F(3,81)=6.82, P<0.001], Day 8: [F(3,81)=17.15,
P<0.001], Day 9: [F(3,81)=13.16, P<0.001] indicating that the path length shortened during
each consecutive trial as the animals learned the location of the hidden platform (Table 2).

4. Discussion
In this report, we demonstrate that chronic prenatal exposure to a moderate dose of caffeine
disrupts learning and memory behaviors in adult male and female rats. Specifically, we have
shown that prenatal caffeine exposure impairs 24 hour memory retention in the novel object
recognition task and impairs spatial learning in the radial arm maze. Previous studies in rats
have shown that prenatal caffeine exposure alters the concentration of DNA, protein, and
cholesterol in the newborn brain [30], decreases fetal brain weight [40], delays developmental
milestones [42], and alters juvenile behavior [33]. However, the long-term effects of prenatal
caffeine exposure have not been well studied. Unlike many previous studies that used a high
dose of caffeine and an injection or gavage administration paradigm, we used a low dose of
approximately 10 mg/kg/day and allowed self-administration in the drinking water. We chose
this dose and method of administration to maintain human relevance and to avoid the stress
associated with injections or gavage. We did not find any main effects of treatment on water
intake between control and caffeine-treated dams indicating that caffeine-treated dams were
not averse to the taste of the caffeinated water. However, there was a significant week by
treatment interaction such that caffeine treated animals drank more than control animals during
the latter weeks of gestation. In pregnant rat dams, water consumption usually increases
throughout gestation. In dams treated with caffeine, this increase in consumption may be more
pronounced due to the diuretic effects of the drug. Overall, the findings presented demonstrate
that chronic oral intake of caffeine throughout gestation can lead to subtle alterations in adult
cognitive behavior in rat offspring.
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The novel object recognition test, which measures the natural propensity of a rat to explore a
novel versus familiar object [11], revealed that after a 24 hour inter-trial interval, exploration
of the novel object is reduced in animals exposed to prenatal caffeine. This task has both an
exploratory behavior component as well as a memory retention component such that an animal
must have sufficiently explored the familiar object during the pretest phase in order to
distinguish between it and a novel object later during the test phase [11,12]. Caffeine-treated
animals exhibited less total exploration time during pre-training than controls. This is similar
to previous findings in other behavioral paradigms showing prenatal caffeine-treated adult
animals exhibit decreased exploratory behavior, which may be due to altered emotional
reactivity in caffeine treated animals [22]. However, the total exploration time of control and
caffeine-treated animals during the 3 hour and 24 hour tests were not significantly different.
At 3 hours, both groups had a discrimination index greater than zero indicating preference for
the novel over the familiar object. After a 24 hour delay, caffeine-treated animals had a
discrimination index less than zero indicating that they could no longer distinguish between
the familiar and novel objects indicating a deficit in memory, exploratory behavior, or
attentional processes.

We also found a deficit in the performance of caffeine-treated animals in the radial arm maze
with caffeine-treated animals performing significantly more reference and working memory
errors than control animals. Increased errors performed by caffeine-treated animals indicate
that prenatal caffeine exposure may alter the developing hippocampus and prefrontal cortex
affecting both working and reference memory in adults.

Unlike our findings in the radial arm maze, we did not find a deficit in the Morris water maze.
In the standard version of the Morris water maze employed, there was approximately a 30-
minute delay between trials, with all 12 trials and the probe trial run on the same day. Thus,
the memory retention demands of this version of the water maze task were greatly diminished.
However, in the advanced Morris water maze task, the memory demands were increased in
both the reversal and working memory paradigms and still there were no differences between
control and caffeine-treated animals. This may be due to many differences between the Morris
water maze and radial arm maze tasks, including level of difficulty, delay between trials,
appetitive vs. aversive motivation used, and the type of memory tested.

In the simple version of the water maze, the caffeine-treated animals had a significantly shorter
path length when compared to controls, indicating that caffeine-treated animals performed as
well as, or better, than controls in directly finding the platform. The decrease in path length in
caffeine-treated animals may be due to the aversive motivation used in the water maze. If
prenatal caffeine exposure increases anxiety in juveniles and adults, as has been shown
previously [21,22], these animals may utilize a more direct escape route to avoid the stressful
conditions inherent to the water maze. Previous studies have shown that animals with prior
exposure to stressful experiences have enhanced learning and memory in the water maze when
compared to unstressed animals [49].

It is also possible that prenatal caffeine exposure alters motivational or exploratory aspects of
behavior. It has been shown previously that perinatal caffeine exposure alters locomotor
activity, increases emotional reactivity, and increases adrenal weight, particularly in males
[21,22]. Each of the tasks presented in this study has a motivational aspect such that caffeine-
treated animals may have differences in motivation to explore a novel object or a novel arena.
As previously discussed, in the simple version of the Morris water maze, there is a facilitating
effect of caffeine treatment on path length. The caffeine-treated animals appear to be more
motivated to find the hidden platform than control animals, with the largest difference in path
length occurring during the first trial. Perhaps this difference may be attributed to decreased
exploratory behavior such that caffeine-treated animals are less motivated to explore the maze
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in their initial exposure to the novel area. However, we did not see a difference in path length
or latency to find the platform on any of the advanced Morris water maze tasks. Nevertheless,
it is possible that prenatal caffeine exposure may be altering motivational and exploratory
aspects of behavior making it difficult to know whether and how these changes may alter
learning and memory testing.

Another concern is that gestational caffeine intake may alter maternal behavior and the
intrauterine environment of dams, either of which may alter behavior of the offspring. Recently,
it has been shown that wildtype mice born to dams heterozygous for the A1 adenosine receptor
exhibit hyperactivity as adults, similar to wildtype mice exposed to caffeine (0.3g/L) from
gestational day 1 to postnatal day 21 [7]. Dams heterozygous for the A1 receptor express
approximately half the number of A1 receptors in the cortex and hippocampus. Similarly,
chronic caffeine exposure leads to a blockade of approximately half the A1 adenosine receptors
in the brain. These studies suggest that alterations in maternal A1 receptor function may have
long-lasting changes on offspring behavior. Bjorklund et al. (2008) hypothesize that the
alterations in offspring behavior are likely due to changes in the prenatal intrauterine
environment rather than maternal behavior, since they observed no differences in maternal
behavior. This hypothesis aligns with other behavioral teratogen studies, in which the effects
on the offspring have been found to result from prenatal drug exposure rather than postnatal
maternal influences [45]. Similarly, others have shown no changes in maternal behavior, as
assessed by nesting activity as well as licking and grooming behaviors, in dams exposed to
caffeine [35] and no effects of cross-fostering on reduced effects of caffeine on the offspring
[2]. Therefore, it seems unlikely that the behavioral changes reported are due to alterations in
maternal behavior, however it is not possible to completely rule out the effects of the
intrauterine environment and maternal behavior as important factors.

The mechanisms by which prenatal caffeine exposure may alter the brain are not well
understood. It is known that caffeine targets the adenosine receptor in both the developing and
adult brain [17], however it is unknown whether caffeine exerts the same action at these
receptors in the fetus and adult. Prenatal exposure to caffeine decreases A1 adenosine receptor
expression in the fetal rat brain [1,27]. In the brain of young adult rats, A1 receptor levels are
up-regulated in the cortex, hippocampus, and cerebellum following postnatal caffeine
treatment [20]. Thus, exposure to caffeine during development can have long-term effects on
adenosine receptor expression. Further, the levels of mGluRs are decreased in the fetal brain
following caffeine and theophylline treatment [28]. Enduring changes in adenosinergic and
glutamatergic receptor expression following perinatal caffeine exposure may contribute to
changes in learning and memory.

Recent studies in transgenic animals have shown that altered adenosine receptor expression
impairs learning and memory behavior. Similar to our findings, transgenic rats overexpressing
the adenosine A2A receptor were found to have impaired novel object recognition and
increased errors in a 6-arm radial tunnel maze while showing no impairments in place learning
and reversal tasks in the Morris water maze [19]. A1 receptor knockout animals also show no
impairments in the Morris water maze, while showing slowed habitutation to the 6-arm tunnel
maze and impaired paired pulse facilitation of long-term potentiation [18]. Thus, if chronic
prenatal caffeine is altering adenosine receptor expression in adults, it seems likely that animals
may have impaired learning and memory which is not detected using the Morris water maze
alone.

In the current study, no sex differences were found in learning and memory behaviors as a
result of prenatal caffeine exposure. This finding was surprising given the previous literature
on sex dependent effects of developmental caffeine exposure. In adult rats, it has been shown
that neonatal caffeine exposure (15–20 mg/kg/day on PN2–6) has differential sex effects on
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passive avoidance learning with females exhibiting enhanced memory retention at 24 and 72
hours after training, while males exhibit significantly reduced retention at both time periods
[14]. Interestingly, the same neonatal caffeine treatment did not cause gender specific effects
in juvenile passive avoidance memory tests [14]. Prenatal caffeine exposure has also been
shown to alter passive avoidance learning in a sex dependent fashion. Adult female offspring
of caffeine treated dams (60 mg/kg/day on GD13–19) showed significantly enhanced retention
at 25 days after training when compared to placebo treated controls [39]. Sexually dimorphic
effects of prenatal caffeine exposure have also been shown on measures of locomotion and
anxiety in the open field, with male animals exhibiting decreased activity and increased
defecation [21]. In humans, mean intake of approximately 300 mg/day caffeine during the third
trimester of pregnancy was associated with an increased risk of lowered birth weight in males,
but not in females [44]. Thus, the current literature suggests that males may be more susceptible
to the detrimental effects of developmental caffeine exposure. However, our study and others
[50] suggest that both males and females may be affected in specific learning and memory
paradigms. Future research is needed to determine why developmental caffeine exposure
renders males more susceptible to some detrimental effects of caffeine, while affecting other
behaviors equally in both sexes.

In summary, prenatal caffeine exposure alters some learning and memory behaviors in adult
male and female rats. Caffeine’s ability to cross both the placental and blood-brain barrier
allows it to enter the fetal brain where it has actions at adenosine receptors. Developmental
changes in the expression or function of adenosine receptors within the hippocampus and cortex
following prenatal exposure to caffeine may contribute to the long-term alterations in learning
and memory reported here. Thus, pregnant women should consume caffeine with caution as it
may have long-term developmental consequences on multiple facets of behavior including
cognition.
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Fig. 1.
Maternal intake of either water or caffeinated tap water across each gestational week. Data
represent the mean daily intake ± SEM for each week. Water intake increased throughout
gestation but did not significantly differ by treatment.
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Fig 2.
(A) Effects of prenatal caffeine on the total time spent exploring both objects in the novel object
recognition test during each 3 min trial. Data represent the mean exploration time in seconds
± SEM for pre-training, 3 hour recognition memory, and 24 hour recognition memory. There
was a significant effect of treatment on total exploration time during pre-training, with caffeine-
treated animals exploring the objects less. (B) Effects of prenatal caffeine exposure on memory
retention of the novel object at 3 and 24 hours after pre-training. Data represent the percent of
time ± SEM spent exploring the novel object. Prenatal exposure to caffeine significantly
reduced memory retention of the novel object at 24 hours after pre-training.
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Fig 3.
Effects of prenatal caffeine exposure on the number of (A) working memory errors and (B)
reference memory errors performed during Radial arm maze testing, with caffeine-treated
animals performing significantly more memory errors. Data represent the average number of
errors ± SEM performed during each block (Trials 1–2, 3–4, 5–6, 7–8, 9–10).
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Fig. 4.
(A) Effects of prenatal caffeine on latency to find the hidden platform during pretraining and
across the three trial blocks (block 1=trials 1–4, block 2 = trials 5–8, block 3 = trials 9–12) in
the Morris water maze. Data represent the average latency ± SEM needed to find the platform
during each 60 s trial. (B) Effects of prenatal caffeine on path lengths in the Morris water maze.
Path length was measured as the total distance in centimeters ± SEM swam during each trial
averaged across the 3 trial blocks.
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Fig 5.
Effects of prenatal caffeine on latency to find the hidden platform during (A) place learning,
(B) reversal, and (C) working memory tasks in the Morris water maze across the four trials
conducted each day over 9 days of testing. Data represent the average latency ± SEM needed
to find the platform during each 60 s trial.
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Table 1
Mean (± SEM) values of radial arm maze pre-training time (s), training path lengths
(cm), time to retrieve all cereal rewards (s), and body weights before and after food
deprivation.

Control Male Control Female Caffeine Male Caffeine Female

(n=5) (n=8) (n=8) (n=8)

Pre-Training Time (s)

Day 1 482.8 ± 68.5 569 ± 31 361.5 ± 36.5 551.5 ± 38.1

Day 2 285.4 ± 56.2 385.2 ± 53.1 255.7 ± 54.4 315.7 ± 32.9

Day 3 215 ± 19.8 266.3 ± 64.2 212 ± 39.2 180 ± 29.8

Day 4 230 ± 41.8 253 ± 64.1 185.2 ± 31.4 194.5 ± 41.8

Day 5 151.2 ± 15.4 127.1 ± 24.2 124.7 ± 12 243.8 ± 62.7

Day 6 171.2 ±33.7 189 ± 31.5 136.4 ± 22.1 139.4 ± 16.4

Day 7 228.2 ± 42.3 208.7 ± 19.1 137.1 ± 8.9 181 ± 28.9

RAM Training – Path Length (cm)

Block 1 3862 ± 658 5042 ± 795 4129 ± 325 5857 ± 785

Block 2 3546 ± 309 4272 ± 310 5354 ± 589 4705 ± 389

Block 3 4244 ± 720 3724 ± 369 4434 ± 567 4555 ± 440

Block 4 3598 ± 264 3626 ± 569 3523 ± 450 3065 ± 222

Block 5 3278 ± 167 2793 ± 445 2908 ± 239 3270 ± 253

RAM Training – Time to Retrieve Rewards (s)

Block 1 116.1 ± 11.9 164.6 ± 40.2 115.6 ± 12.8 171.5 ± 12

Block 2 99.9 ± 3.9 119.4 ± 10.9 147.2 ± 22.6 115.9 ± 15.4

Block 3 133.7 ± 31.1 112.8 ± 10.2 104.1 ± 6.6 112.8 ± 9.9

Block 4 115.6 ± 5.9 116.1 ± 16.6 93.4 ± 12.4 84.2 ± 6.9

Block 5 113.6 ± 8.6 106.5 ± 11.7 93.4 ± 16.2 96.9 ± 9.7

Body Weights (g)

Start Weight 435.4 ± 8.6 418 ± 12 247.5 ± 6 238.8 ± 10.3

End Weight 393.4 ± 8.9 378.3 ± 10.1 227.63 ± 4.4 226 ± 7.8
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Table 2
Mean (± SEM) values for advanced Morris water maze path length (cm) in the place learning, reversal, and working
memory tasks.

Control Male Control Female Caffeine Male Caffeine Female

(n=7) (n=8) (n=8) (n=8)

Place Learning Path
Length (cm)

Day 1 2182 ± 182 2571 ± 257 2732 ± 161 2125 ± 186

Day 2 1524 ± 181 1252 ± 189 1360 ± 247 1320 ± 167

Day 3   770 ± 156 1232 ± 268 1171 ± 205   890 ± 224

Reversal Path Length
(cm)

Day 4 1449 ± 249 2249 ± 408 1911 ± 255 1613 ± 325

Day 5 1264 ± 227 1884 ± 245 1927 ± 279 1327 ± 326

Day 6   968 ± 237 1188 ± 198   737 ± 91 1148 ± 175

Working Memory Path
Length (cm)

Day 7 - Trial 1 2753 ± 973 2318 ± 636 2026 ± 744 1658 ± 403

Day 7 - Trial 2 930 ± 372 1722 ± 603 1269 ± 296 1023 ± 395

Day 7 - Trial 3 854 ± 219 788 ± 300 548 ± 129 1233 ± 475

Day 7 - Trial 4 591 ± 290 583 ± 193 473 ± 130 713 ± 303

Day 8 - Trial 1 3192 ± 597 2905 ± 975 3802 ± 762 3639 ± 812

Day 8 - Trial 2 1247 ± 202 1549 ± 443 2886 ± 809 729 ± 125

Day 8 - Trial 3 1310 ± 318 1102 ± 266 1839 ± 196 1114 ± 308

Day 8 - Trial 4 1647 ± 401 944 ± 221 841 ± 75 814 ± 191

Day 9 - Trial 1 1684 ± 273 3650 ± 734 2301 ± 604 2115 ± 537

Day 9 - Trial 2 814 ± 180 1069 ± 349 1553 ± 399 1338 ± 525

Day 9 - Trial 3 1083 ± 457 1352 ± 369 777 ± 297 1029 ± 199

Day 9 - Trial 4 1117 ± 391 798 ± 137 869 ± 358 544 ± 100
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